[1] This paper reports a diagnostic study of circulation anomalies in a semi-Lagrangian q-PVLAT coordinate by following contours of the daily potential vorticity (PV) field on isentropic (q) surfaces using the NCEP/NCAR reanalysis II data set from 1979 to 2003. The leading EOF mode, which explains about 69% of the total variance of daily Northern Hemisphere PV anomalies in the q-PVLAT coordinate and is highly correlated with the stratosphere Northern Annular Mode (NAM) index, is used to construct a composite life cycle of the NAM variability. Composite circulation anomalies of both signs propagate poleward in the stratosphere and equatorward in the troposphere with an average time of about 44 days for warm anomalies and 72 days for cold anomalies to travel from the equator to the pole. Accompanying the meridional propagation, there exist a simultaneous downward propagation of stratospheric circulation anomalies in both the tropics and extratropics. A global mass circulation paradigm is proposed to explain the simultaneous meridional and vertical propagation of global circulation anomalies that appears responsible for the annular mode variability. Citation: Cai, M., and R.-C. Ren
Introduction
[2] The Northern Hemisphere Annular Mode (NAM) is the most dominant recurrent pattern of the Northern Hemisphere atmospheric variability in winter with a time scale from weeks to months [Thompson and Wallace, 1998; Baldwin and Dunkerton, 1999] . The NAM links to the wintertime polar vortex oscillation in the stratosphere [Kuroda, 2002; Zhou et al., 2002; Limpasuvan et al., 2004] and connects to the Arctic Oscillation (AO, or NAO, the North Atlantic Oscillation), the dominant mode of climate variability near the surface [Thompson and Wallace, 1998; Baldwin and Dunkerton, 1999] . The wintertime stratospheric polar vortex oscillation is characterized by poleward/downward propagation of the zonal mean zonal wind anomalies in the stratosphere [Kodera et al., 1990; Dunkerton, 2000; Kuroda, 2002; Zhou et al., 2002] . The linkage of NAM to the AO/NAO is characterized by a systematic downward propagation of extratropical anomalies of both signs Dunkerton, 1999, 2001; Coughlin and Tung, 2005] . Several recent observational studies have established a causal linkage of the AO/NAO variability to individual synoptic events [Cai, 2003; Benedict et al., 2004; Franzke et al., 2004] .
[3] Motivated by the notion of ''PV thinking'' introduced by Hoskins et al. [1982] and subsequently numerous studies [e.g., Hoskins, 1997; Davies and Rossa, 1998; Morgan and Nielsen-Gammon, 1998 ] for diagnosing and understanding the behavior of extratropical weather systems, this study examines the circulation anomalies in a semi-Lagrangian coordinate constructed using constant isentropic (q) and potential vorticity (PV) surfaces. Because of conservation properties of both potential temperature and PV, the advective tendencies of PV are naturally absent in the q-PVLAT coordinate. As a result, the PV anomalies in the q-PVLAT coordinate, mainly due to sources such as irreversible nonlinear dynamic mixing and large-scale thermal forcings, have little variability at synoptic scales. Furthermore, because upper level baroclinic zones are along the contours of PV with the largest gradient [Hoskins et al., 1985] , the PV-latitudes can be regarded as natural boundaries separating air masses of different properties. Therefore, the choice of the semi-Lagrangian q-PVLAT coordinate enables us to study the temporal and spatial evolution of global circulation anomalies from the perspective of the collective effects of individual weather circulations. As demonstrated in publications of Johnson and his collaborators [Gallimore and Johnson, 1981; Townsend and Johnson, 1985; Johnson, 1989] , the global meridional circulation essentially is a Hadley-type mass circulation from the equator to the poles forced by both diabatic heating/cooling and eddy-induced forcings.
Data and Method
[4] Following Norton [1994] , we construct a semiLagrangian q-PVLAT coordinate, where ''q'' is the ''vertical coordinate'' representing vertically increasing constant potential temperature surfaces and ''PVLAT'' is the ''meridional coordinate'' representing ''northward'' increasing PV, using the NCEP/NCAR reanalysis II daily isentropic PV maps from January 1, 1979 to December 31, 2003.
[5] The daily time series of the leading EOF mode of PV anomalies in the q-PVLAT coordinate, referred here to as the Polar Vortex Oscillation (PVO) index, is used to measure the NAM variability, because it explains about 69% of the total variance of daily PV anomalies over the entire Northern Hemisphere, and its correlation with the 50 hPa NAM index (http://www.nwra.com/resumes/baldwin/nam.php) is as high as 0.92. Based on the PVO index, we have constructed a ''Relative-Intensity-Based'' (RIB) composite PVO cycle. A PVO event is identified when the daily PVO index is either above 0.7 or below À0.7 standard deviation.
The PVO index exhibits 1-2 PVO events in each winter season with little variability in the rest of year. There are totally 31 positive and 25 negative PVO events during the 25-year span. Each of the PVO events is normalized by its peak amplitude. The evolution of positive PVO events is binned into 40 intervals according to the relative amplitude of the normalized PVO index and its temporal tendency from 0 to 1 and then back to 0. The negative PVO events are binned similarly reflecting an evolution from 0 to À1 then back to 0. Joining the RIB composite evolution of the positive and negative PVO events forms the RIB composite PVO cycle with a period of 116 days. This time scale has been independently confirmed from the power spectral analysis showing that the PVO index as well as the (stratospheric) NAM indices has statistically significant peak amplitude at about 110 days (not shown).
Meridional and Vertical Propagation
[6] Figure 1a shows that temperature and zonal wind anomalies of both signs in the stratosphere propagate poleward from the equator to the pole. It is seen that the easterly (westerly) anomalies tend to lag the positive (negative) temperature anomalies. The poleward propagation speed varies greatly with latitudes. Anomalies advance poleward relatively very fast in the tropics (<25°N) and within the polar cap (>60°N) and much slowly from 25°N to 60°N. The poleward advancement of warm anomalies is faster than the cold anomalies. It takes on average about 44 days (from day 28 to day 72) for the warm anomalies to travel from the tropics to the pole in the PVLAT coordinate whereas the cold anomalies spend about 72 days to reach the pole.
[7] The tropospheric anomalies of both signs appear to propagate equatorward in the extratropics (Figure 1b) . The equatorward propagation seems interrupted somewhat by the poleward propagation of anomalies originated from the tropics. Also the equatorward propagation signal is less pronounced due to a secondary dominant time scale of 10-20 days in the tropospheric anomalies (not shown). The tropospheric zonal wind anomalies tend to lead the companion temperature anomalies of the same sign. It is also seen that the tropospheric temperature anomalies in low and high latitudes lag the stratospheric temperature anomalies of the opposite sign by a few days.
[8] Displayed in Figures 2a -2c are the vertical-time cross-section diagrams of circulation anomalies in the PVLAT coordinate averaged in polar area, middle latitudes, and subtropics, respectively. Let us first focus on the stratospheric anomalies (above 400 K). The poleward propagation of zonal wind and temperature anomalies of both signs in the stratosphere is still very evident (anomalies above 400K propagate from Figures 2c to 2a as the time progresses). Accompanying the poleward propagation of the stratospheric anomalies, there exists a downward propagation of anomalies of both signs in all of the three (high-, mid-, and low-) latitude bands. Again it is seen that the westerly (easterly) anomalies tend to follow the negative (positive) temperature anomalies during the downward propagation. The lag of zonal wind anomalies with respect to the temperature anomalies of the opposite sign is shorter in high latitudes than in mid-latitudes, as shown Figure 1 . In high latitudes, the downward propagation of anomalies during the transition from the cold anomalies to the warm anomalies is faster (about 10 days) than that in the transition from the warm anomalies to the cold anomalies (about 20 days).
[9] As in Figure 1 , the tropospheric anomalies in the extratropics show equatorward propagation (anomalies below 300 K propagate from Figure 2a to 2b) and there is also sign showing a continuation of the equatorward propagation from the extratropics to the tropics (temperature anomalies below 350K at Figure 2c) . The tropospheric temperature anomalies appear to be separated from the stratospheric temperature anomalies. Specifically, they lag the stratospheric temperature anomalies of the opposite sign in high latitudes, but appear to be a continuation of the downward propagation from the stratosphere in midlatitudes. In low latitudes, the tropospheric temperature anomalies are out of phase with the stratospheric anomalies. Such a complicated phase relation between the tropospheric and stratospheric anomalies also has been shown in Figure 1 . The tropospheric zonal wind anomalies seem to be connected to the stratosphere by the downward propagation. However, there is a noticeable disruption of the downward propagation of the zonal wind anomalies of both signs before they reach into the troposphere in the extratropics as manifested by the belt of the ''minimum amplitude'' of the zonal wind anomalies just above the tropopause in Figures 2a and 2b .
[10] We have also analyzed other variables derived from the isentropic analysis of the NCEP/NCAR reanalysis II. They all show similar meridional and vertical propagation.
Interpretation
[11] In this section, we attempt to present some physical and dynamic interpretations on the key features identified in the previous section.
Phase Relation Between Stratospheric Temperature and Zonal Wind Anomalies
[12] Along an isentropic surface, cold (warm) temperature anomalies are associated with an upwelling (downwelling) of the isentropic surface due to diabatic cooling (heating) associated with dynamic mixing or radiative forcings. It follows that poleward propagating positive (negative) isentropic temperature anomalies are indicative of a weakening (strengthening) of the meridional temperature gradient. By the thermal wind balance, the westerly (easterly) anomalies propagate with the strengthening (weakening) of the temperature gradient. For a poleward and downward propagation of a single harmonic signal (e.g., T 0 = A cos (ly À nz À ut), then fU 0 / lAsin(ly À nz À ut) where l > 0, n > 0 and u > 0), the westerly (easterly) anomalies (U 0 ) should be exactly a quarter period (p/2u) behind the negative (positive) temperature anomalies (T 0 ). (The analogous representation of the simultaneous poleward and downward propagation by a plane wave does not imply that the propagation is due to wave motions. Instead, it merely reflects the wave-form of signal propagation.) Because of different traveling time scales in different latitudes, the lag of the zonal wind anomalies with respect to the temperature anomalies of the opposite sign varies with latitudes. Particularly, the poleward propagation is much faster in the tropics and polar region (u is larger), resulting in a shorter delay of zonal wind anomalies there. The relation between temperature anomalies and zonal wind anomalies also can be easily explained from the PV point of view. As discussed by Hoskins et al. [1985] , a cold (warm) isentropic temperature at upper levels implies a positive (negative) PV anomaly, explaining why the westerly (easterly) anomalies would follow the poleward propagating cold (warm) temperature anomalies along the isentropic surface in the stratosphere.
A Global Mass Circulation Paradigm
[13] We next propose a global mass circulation paradigm to explain the simultaneous poleward and downward propagation of the stratospheric anomalies and equatorward propagation of tropospheric anomalies based on the semigeostrophic frontogenesis theory (see Hoskins [1982] for a comprehensive review). The ''front'' here is used to generically describe the region where the isentropic surfaces steeply slope. Due to the Earth's rotation, the westerly flow associated with the vertically sloped meridional temperature contrast that prevails from the troposphere to stratosphere and from the subtropics to the pole is a physical barrier for a direct meridional exchange of warm and cold air masses. The dynamically-driven cross-frontal circulation associated with an intensification of temperature contrast acts as a ''pump'' that pulls warm (cold) air poleward (equatorward) over (under) the westerly jet (Figure 3a) . In upper levels, the mixing of warm and cold air masses by the crossfrontal ageostrophic circulation leads to frontolysis in the warm air sector and the poleward advancement of warm air leads to a new development of frontogenesis in the cold air sector. In lower levels, the equatorward advancement of cold air results in a frontogenesis in the warm air sector (Figure 3b) . As a result, the cross frontal circulation propagates poleward and downward as the baroclinic zone further leans toward cold air mass accompanied with a poleward advancement of warm air mass above and an equatorward advancement of cold air below. Behind (ahead of) the poleward and downward advancement of the cross-frontal ageostrophic circulation is a deceleration (acceleration) of the upper level westerly wind due to the subsequent geostrophic adjustment associated with the development of frontolysis (frontogenesis). A series of advancements of cross-frontal circulations leads to simultaneous poleward and downward propagation of stratospheric anomalies of both signs from the tropics to the pole whereas the tropospheric temperature anomalies advance toward the low latitudes from high latitudes. A new round of such a series of advancements of cross-frontal circulations would restart soon after the frontolysis process is over as long as the system is continuously subject to a diabatic heating in low latitudes and cooling in high latitudes.
Troposphere and Stratosphere Coupling
[14] Figures 1 and 2 indicate that in high latitudes, the beginning of the equatorward propagation of the tropospheric temperature anomalies coincides with the arrival of the poleward and downward propagating temperature anomalies of the opposite sign in the stratosphere. In other word, there exists a discontinuation of the downward propagation of isentropic temperature anomalies into the troposphere in high latitudes. Such a discontinuation of the downward propagation of temperature anomalies into the troposphere is also found in the tropics. Also note that the temperature anomalies in the tropics are negatively correlated with those in high latitudes. It follows that the poleward and downward propagation in the stratosphere and the equatorward propagation in the troposphere, together with the situation in high and low latitudes, can explain a seemingly continuation of the downward propagation of temperature anomalies from the stratosphere to the troposphere in mid-latitudes.
[15] Because of the reversing polarity of vorticity anomalies associated with heating/cooling anomalies from the stratosphere to the troposphere, there is an apparent linkage of the stratospheric and tropospheric momentum anomalies of the same sign in high and low latitudes. According to Figure 1 , the temporal lag (lead) of the stratospheric (tropospheric) zonal wind anomalies with respect to the temperature anomalies of the opposite (same) sign is longer in midlatitudes. This explains why the zonal wind anomalies also appear to continuously propagate downward from the stratosphere to the troposphere in mid-latitudes, but at a faster speed than the temperature anomalies. This also explains the downward propagation of zonal wind anomalies in mid latitudes is slower than that in high and low latitudes.
Time Scale
[16] The hemispheric propagation of circulation anomalies presented in Figures 1 and 2 perhaps can be viewed as an intensity variability of the zonally averaged isentropic Hadley mass circulation identified by Johnson and his collaborators [Gallimore and Johnson, 1981; Townsend and Johnson, 1985; Johnson, 1989] . They pointed out that the average meridional velocity of the hemispheric mass circulation is about 1 -3 ms
À1
. According to Figure 1 , the poleward (equatorward) propagation speed of the stratospheric warm (tropospheric cold) temperature anomalies, which would correspond to a stronger meridional mass circulation, is about 2.5 ms
. The poleward propagation of the stratospheric cold air anomalies is slower (about 1.6 ms À1 ) when the meridional temperature gradient is weaker, thereby a weaker meridional mass circulation.
